Recent criticisms of the glycaemic index (GI) focus on its validity with assertions that GI methodology is not valid, GI values are inaccurate and imprecise, GI does not predict what foods are healthy and that whole grain and fibre are better markers of carbohydrate quality than GI. None of the critics provide sound reasons for rejecting GI because some of their arguments are based on flagrant errors in understanding and interpretation while others are not supported by current data or are inconsistent with other nutritional recommendations. This paper addresses current criticisms of GI and outlines reasons why GI is valid: (1) GI methodology is accurate and precise enough for practical use; (2) GI is a property of foods; and (3) GI is biologically meaningful and relevant to virtually everyone. Current dietary guidelines recommend increased consumption of whole grains and dietary fibre but do not mention GI. However, this is illogical because the evidence that GI affects health outcomes is at least as good or better than that for whole grains and fibre. GI is a novel concept from a regulatory point of view and a number of problems need to be addressed to successfully translate GI knowledge into practice. The problems are not insurmountable but no progress can be made until bias and misunderstanding about GI can be overcome and there is better agreement about what is the actual state of knowledge on GI so that the real issues can be identified and addressed.
The glycaemic index (GI) was proposed over 30 years ago as a classification of the blood glucose-raising potential of carbohydrate containing foods 1 and it has been controversial ever since. Early critics of GI acknowledged there were differences among foods but believed they were not clinically important so that in 1997 GI was dismissed as being 'much ado about (almost) nothing'. 2 Since then, however, the force of the criticisms has escalated to attacks on the validity of the GI with assertions such as: '...[the] recommended GI methodology is not well standardized and has several flaws....' 3 and '...
[the] GI method does not measure a meaningful property of a food.'. 4 In 1997, I accused the critics of GI of '...misinterpreting data, misquoting the literature and misusing statistics.' 5 The same is true now. This paper addresses the question of whether the GI is a valid marker of carbohydrate quality. The Oxford dictionary 6 defines 'valid' as 'sound, defensible; well-founded'. This subjective definition suggests that validity, like beauty, is in the eye of the beholder. I believe that the GI is valid because it fulfills the following conditions: (1) GI methodology is standard, accurate and precise; (2) GI is a property of foods (that is, it has the same value in nearly everyone); and (3) GI is biologically meaningful and influences outcomes in health and disease in ways that are relevant to almost everyone. Furthermore, there is good evidence that GI beneficially influences more and different health outcomes than other commonly used markers of carbohydrate quality such as whole grains and fibre and, therefore, ought to be part of nutrition recommendations.
ROLE OF GI IN HEALTH AND DISEASE
Initially, the only clinical application for GI was in the management of diabetes, and there is now excellent evidence that low-GI diets improve glycaemic control in diabetes. 7, 8 However, with the demonstration in 1997 that low-GI diets were associated with reduced risk for type 2 diabetes, 9,10 a finding which has been supported by most large subsequent studies, [11] [12] [13] [14] [15] [16] GI graduated from a narrow role in managing diabetes to a much wider role in the maintenance of health.
The World Health Organization defines 'health' as 'a state of complete physical, mental and social well-being and not merely the absence of disease or infirmity'; 17 GI may have relevance in all these areas of well-being. With respect to physical and mental well-being, there is evidence that the GI influences exercise performance 18 and cognitive function. 19, 20 A role for GI in social well-being could be proposed from data showing that a low-GI diet reduces the severity of acne 21, 22 and influences pregnancy outcomes. [23] [24] [25] [26] [27] [28] Regarding the absence of disease or infirmity there is excellent evidence that low-GI diets reduce the risk for diabetes 29 and assist with weight maintenance. 30 In addition, there is good or emerging evidence that low-GI diets reduce the risk for cardiovascular disease, 31, 32 stroke, 33 ,34 metabolic syndrome, 35, 36 breast, 37 prostate, 38 colo-rectal, pancreatic and other cancers, 31 uterine fibroids, 39 depression, 40 Parkinson's disease, 41 chronic kidney disease, 42 eye disease, 29 inflammation, 43 gall stones, 44, 45 neural tube defects 46 and mortality from inflammatory disease. 47 All this suggests that GI influences physiological functions in ways that are relevant to virtually everyone. However, there has been reluctance to incorporate GI into dietary recommendations. Such reluctance would be acceptable if it was based on valid arguments that were applied consistently for other nutritional recommendations; but it is not.
Early on major concerns about GI were that it limited food choice and had questionable clinical utility because differences in glycaemic response between individual foods were not maintained in mixed meals; I refuted these concerns in a commentary published in 1997. 5 However, influential nutrition experts continue to assert that GI does not apply in mixed meals 3, [48] [49] [50] [51] and cite, as supporting evidence, the conclusions of studies I have already argued are not supported by their results. Unfortunately, by simply continuing to site such studies without pointing out what is wrong with my arguments, 2 progress towards consensus in this area is not being made. In addition, new concerns are being raised, namely that: the method for measuring GI is not standardized 3 and is inaccurate and imprecise; 3,4,48-51 the international GI tables are fraught with uncertainty and irreproducibility 49 and do not accurately reflect what is eaten in terms of variety, methods, amounts and processing; 51 dietary fibre and whole grains are better indicators of carbohydrate quality than GI; 52 and the GI of a food or diet does not predict whether it is healthy. 51 Some of these concerns are reasonable, but many are not, being based on a misunderstanding about the meaning and utility of GI.
DEFINITION AND MEANING OF GI
GI is usually defined as the incremental area under the blood glucose response curve (AUC) elicited by a 50-g available carbohydrate (avCHO) of a test food expressed as a percentage of the response elicited by 50 g glucose in the same subject. However, this is an explanation of the GI concept rather than a precise description of GI methodology and, perhaps, has been a source of misunderstanding. Therefore, to be precise, GI is mathematically defined as follows:
where F x is the incremental AUC in subject x elicited by 50 g avCHO from the test food and G x is mean the AUC in subject x elicited by 50 g glucose tested on two or three separate occasions. The GI is the mean of these values in n subjects; the current internationally accepted GI method 53 stipulates that nX10. Thus, any so-called GI value not based on Equation (1) with nX10 is not a valid GI.
Several key implications of the definition of GI as given in Equation (1) are GI is a property of foods that is measured in human subjects; GI is not a glycaemic response; and GI is a property of high carbohydrate foods tested alone (not as part of a mixed meal).
GI is a property of foods GI was intended to indicate the extent to which the available carbohydrate (avCHO) in a food raises blood glucose relative to an equal weight of glucose. It was reasoned that, by expressing the results as a percentage of oral glucose, any differences between subjects would be normalized; that is, the GI of a food would have the same value in nearly everyone. There now is a good deal of evidence to support this. When each of 12 subjects with diabetes tested bread, rice and spaghetti 4 times, the mean glycaemic responses varied among subjects over a 4.3-fold range (Po0.001) but mean GI estimates were similar among subjects. 54 There was no significant effect of age, sex, body mass index or ethnicity on the mean GI of 3 foods tested in 77 non-diabetic subjects selected to differ by these characteristics. 55 We recently showed that the mean GI of five carbohydrate foods (sucrose, instant potato, bread, rice and barley) did not differ significantly among normal, hyperinsulinaemic and type 2 diabetic subjects 56 ( Figure 1 ). If there is no significant between-individual variation, then it follows that GI is a property of the food whose value is similar in all subjects. Thus, variation of GI estimates obtained in individual subjects, that is, the individual values of 100ÂF x /G x , reflect day-today variation in glycaemic responses, not true between-subject variation in GI. The value for GI obtained in an individual is not that subject's GI, it is the estimate of the food GI obtained in that subject. Since within-individual variation is large, the GI of a food is the mean value in at least 10 subjects.
GI is not a glycaemic response A common mistake is to discuss GI as if it were equivalent to a glycaemic response. For instance one expert 51 states that: 'Eating a food as part of a mixed dish or meal changes the GI. For example, the addition of nuts can drop the GI of a food by as much as half.' This is wrong. The glycaemic response of the meal is reduced by the addition of nuts, not the GI of the bread. In fact, the relative glycaemic responses of foods are roughly maintained when other nutrients are added to them. For example, 37.5 g fat reduced the glycaemic response elicited by both potato and lentils by 40-50%; 58 thus, the response of lentils was about 40-50% less than that of potatoes either with or without fat. Similar results were found by Bornet et al. 59 and Henry et al. 60 Thus, GI is one determinant of glycaemic response; others include the amounts of carbohydrate, fat and protein consumed.
If eating a food in the context of a mixed meal altered its GI, then the GI of individual foods would not explain the glycaemic responses of mixed meals. However, the glycaemic responses elicited by meals of equivalent carbohydrate, fat and protein contents but containing different carbohydrate foods is directly proportional to the meal GI calculated from the GI of the individual foods it contains 5,61 ( Figure 2) . Moreover, the glycaemic responses elicited by typical breakfast meals containing unequal amounts of energy (220-450 Kcal), fat (0-18 g), protein (0-18 g) and carbohydrate (16-79 g ) and differing in GI (35-100) were almost entirely explained by the amount of carbohydrate and calculated meal GI, 62 which together accounted for nearly 90% of the variation in mean AUC (Figure 3) , at least for meals within this range of nutrient composition. Thus, eating a food as part of a mixed meal affects the glycaemic response, but does not alter the food's GI. The degree to which the glycaemic response of a food is altered in the presence of other foods depends on the amount and source (GI) of carbohydrate and the amounts and types of fat and protein added. Incremental AUC and estimates of GI in 31 subjects (9 normal, 12 hyperinsulinaemic and 10 with type 2 diabetes) elicited by 50 g avCHO portions of five different carbohydrate foods (instant potato, white bread, spaghetti, barley and sucrose); values are means±s.d. for the five test meals in each subject. AUC differs significantly among subjects but GI does not. Inset: the amounts of variance in AUC and GI due to the different foods, the different subjects (between subjects) and day-to-day variation (within subjects) from repeated-measures analysis of variance. Expressing results as GI reduced variation between subjects by 95%. Data derived from Lan-Pidhainy and Wolever 56 Figure adapted from Wolever.
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Validity of glycaemic index TMS Wolever Does calculated meal GI predict measured meal GI? In 1984, we suggested 63 that the GI (GI meal ) of a meal containing n foods be calculated as follows:
where GI x is the GI of the xth food, C x is the amount of avCHO in the xth food and C meal is the amount of avCHO in the meal. Calculated meal GI is proportional to meal glycaemic response when comparing meals of equivalent nutrient content.
5,61
Recently, however, investigators have begun to measure the GI of mixed meals using a method analogous to that used to measure the GI of foods, except that subjects consume a portion of the mixed meal containing 50 g avCHO. [64] [65] [66] The conclusion of these studies is that the calculated meal GI is an imprecise estimate of the measured meal GI. However, this is not unexpected because calculated meal GI only takes into account the source and amount of avCHO in the meal, whereas the measured meal GI is also determined by the amounts of fat and protein it contains. Based on dose-response studies, we performed 67, 68 the effect on glycaemic responses of adding fat (corn oil) and protein (soy or whey) to carbohydrate (oral glucose solution) can be estimated. Using this information, it can be shown that differences in the fat and protein contents of the mixed meals fed by Dodd et al. 65 largely account for the difference between measured and calculated meal GI.
69 Table 1 shows, using data from Hätö nen et al., 66 how to adjust calculated meal GI for differences in avCHO, fat and protein; after accounting for these differences, adjusted meal GI is closely related to measured meal GI ( Figure 4) . Thus, the results of studies showing that calculated meal GI does not predict measured meal GI suggest that it is inappropriate to measure the GI of mixed meals. It is proper to measure the GI of high carbohydrate foods fed alone and to use the resulting values to calculate a meal GI. The relative glycaemic response of a meal is determined by its calculated meal GI and the amounts of avCHO, fat, and protein it contains.
GI is a property of high carbohydrate foods It is common to ascribe low carbohydrate foods a GI value of 0. [71] [72] [73] However, this is inappropriate because GI is a property of high carbohydrate foods; also, it is meaningless. Conceptually, the GI of a 0-g carbohydrate food would be the glycaemic response elicited by a portion of food containing 0 g avCHO (AUC ¼ 0) expressed as a % of that elicited by 0 g glucose (AUC ¼ 0); that is, GI ¼ 100 Â 0/0. This equation can be rearranged to: 0 Â GI ¼ 0, Figure 2 . Relationship between calculated meal GI and the mean incremental AUC elicited by five different meals in subjects with type 2 diabetes (n ¼ 6). Each meal contained 70 g avCHO, 26-34 g protein and 12-14 g fat. 61 Points represent mean AUC; the solid line is the regression line (and 95% confidence interval) and the dotdash line is the regression forced through the origin (not significantly different from the regression line). The correlation coefficient, r ¼ 0.987 (P ¼ 0.002). Figure 3 . Relationship between the mean incremental AUC elicited by 14 different meals in normal subjects (Toronto, Canada, 8 meals, n ¼ 10; Sydney, Australia, 6 meals, n ¼ 16) and 1.5 Â avHCO þ 1.4 Â GI À 46, where avCHO is the meal avCHO content and GI is meal GI calculated using Equation (2) . The meals varied in energy (220-450 Kcal), protein (0-18 g), fat (0-18 g), avCHO (16-79 g ) and GI . 62 The b coefficients and constant used to calculate the values on the x axis were derived from multiple regression analysis and the points represent mean AUC. The solid line is the regression line (r 2 ¼ 0.882, Po0.001 for both avCHO and GI). Data from Wolever et al. 62 Adapted from Wolever. Overall adjustment ¼ aC Â aF Â aP, where aC, aF and aP represent the adjustments for CHO, fat and protein, respectively.
f Adjusted meal GI ¼ meal GI Â overall adjustment.
Validity of glycaemic index TMS Wolever and, thus, GI could be any value since any number multiplied by 0 equals 0. Ascribing a GI value of 0 to a food containing no carbohydrate does not affect the results of diet GI calculations, but it is an important misconception when used to argue that GI does not predict the nutritional quality of a food. A prominent nutritionist used pork rind as an example of a low-GI food choice (GI ¼ 0) that may not improve the diet. 51 While it may have been a reductio ad absurdum, it really is an absurd example because pork rind is not a food for which GI is a relevant nutritional property. Of course GI does not predict the nutritional quality of a food-it was never intended to do so! In 1981, we indicated the purpose of GI was '... to supplement tables based solely on chemical analysis. ' 1 No single nutritional attribute of a food can indicate its overall nutritional quality, but this does not stop recommendations being made to limit fat, sodium and sugar intakes.
GI METHODOLOGY
Is there a standard GI method? In 2009, a scientist in the Bureau of Nutritional Sciences, Health Canada, published a paper whose purpose was 'yto specifically and critically analyse the GI methodology....'. 3 The paper discusses some of the methodological variations that influence the results of glycaemic response testing such as the different ways of calculating AUC and different blood sampling schedules. His conclusion that '...recommended GI methodology is not well standardized and has several flaws....' 3 demonstrates a remarkable lack of care and precision and is without substance because the author does not indicate what specific method is used to determine GI. Standard GI methods have been described: an FAO/WHO method for determining the GI of foods was published in 1998; 74 a far more detailed review of GI methodology than 3 was published by ILSI Europe in 2005; 75 an Australian Standard was gazetted in 2007 76 and the method for determining the GI of foods was evaluated in international inter-laboratory studies in 2003 and 2008. 77, 78 The description of GI methodology is similar in all these documents, some of which were cited, but not in the context of providing an authoritative description of GI methodology. Since then an official International Standards Organization (ISO) method for determining the GI of foods has been published. 53 However, having an official method does not mean that it is used correctly. Common problems include feeding food portions containing 50 g total (instead of available) carbohydrate, testing the reference food only once in each subject, incorrect blood sampling schedule, incorrect AUC calculation, having no10 subjects, not excluding outlying values, using an imprecise method to measure glucose and having mean coefficient of variation (CV) of within-individual variation of AUC 430%. Thus, not every value that calls itself 'GI' is a valid GI. This is a problem about which I am very concerned and will have to be addressed through a programme of laboratory accreditation; but it is not a problem with the method, it reflects a lack of knowledge translation. Appropriate regulations about the use of GI could help to reduce errors through education and enforced use of correct methodology.
Is GI methodology accurate and precise? Concerns about the accuracy and precision and GI are often raised, but it is not clear how accurate or precise GI values ought to be. In addition, some of the estimates of the precision of GI in the literature are grossly incorrect. Four lines of evidence have been used to suggest that GI values are inaccurate and imprecise: (1) 81 It has been pointed out that the GI values of the same food vary over such a large range that it is not possible to say that the GI of a food is predictable. 49 It is not clear what point is being made, but one can hardly argue that there is not a large amount of variation of the GI values in those tables-there is! The most variable food is potato whose reported GI in the 2008 tables varies from 23 to 118. Such variation is of concern because these tables are used to develop databases of the GI of foods used in prospective studies. For example, what GI value should be given to porridge oats when there are 22 GI values in the 2002 tables ranging from 40 to 80 with a mean of 58 and s.d. of 10? The mean or median of the existing values would most likely be used, but this would only be correct if the variation in published GI values was due to random error. The magnitude of random variation in GI values in the GI tables can be estimated from the results of two interlaboratory studies, 77, 78 both of which suggest that the s.d. of GI values is about 9. By comparing the s.d. of the GI values of 62 types of foods in the 2002 international GI tables with an s.d. of 9 using the F ratio to estimate the probability of heterogeneity, 82 I estimated it was likely that the variation of GI values in the international tables was greater than random error for 45 of the 62 types of foods (73%). While some of this variation may be due to methodological errors, the major implication is that much of the variation of GI values in the International GI tables represents real differences among foods within the same category (for example, potato), which are not related to their chemical composition as given on the nutrition label.
The many factors in foods that affect GI. The GI values of foods may vary because of differences in variety, processing, growing conditions and so forth, and it is difficult to use the GI tables to determine the correct GI value of a specific food. This is a problem because the GI values of foods in nutrient databases may be inaccurate and, thus, the conclusions of prospective trials showing that low diet GI is associated with reduced risk of chronic disease may be unreliable. Indeed, a group in Europe has shown that Figure 4 . Relationship between calculated meal GI and the mean incremental AUC elicited by the six different meals shown in Table 1 in healthy subjects (n ¼ 11). 66 Meals contained 50-54 g avCHO, 5-38 g protein and 4-45 g fat. Open symbols represent the meal GI calculated using Equation (2) (not adjusted for differences in meal composition); closed symbols represent the calculated meal GI adjusted for the differences in the carbohydrate, fat and protein content of the meals using the method shown in Table 1 . The solid line is the regression line (and 95% confidence interval) for the closed symbols and the dot-dash line is the regression forced through the origin (not significantly different from the regression line). The correlation coefficient, r ¼ 0.912 (P ¼ 0.011).
calculated diet GI values may differ substantially depending on who created the GI database, because different people ascribe different GI values to the same food. 83 However, evidence for the clinical utility of GI comes not only from epidemiological studies, but also from clinical trials when the investigators altered the GI of the diets fed to subjects. In the latter cases, the probability of misclassifying the GI values of foods is reduced, especially when the investigators have been involved in GI testing and, therefore, are familiar with the GI of their local foods.
The variability in GI due to cooking, processing and variety presents some problems, but also is an opportunity to reduce diet GI without major changes in the nature of the diet. The challenge is how to provide reliable data on the GI of specific foods to consumers and health professionals.
High day-to-day variation of glycaemic responses within and between subjects Several authors are concerned that GI values vary tremendously among and within subjects 48, 50, 51 due to, among other things, the degree of mastication, the quantity of food ingested at any one time, the time period of eating, the frequency of eating, the accompanying foods and foods eaten at prior meals and on prior days. However, most of these comments are about glycaemic responses, not GI. Subjects do not have GI values, foods have GI values that do not differ significantly among subjects (Figure 1) . Thus, the variation in the estimated GI among individual subjects reflects day-to-day variation (which is substantial), not true differences between subjects. When measuring GI, the quantity of food ingested, the time period and frequency of eating and the accompanying foods are all controlled for and, thus, do not affect the resulting value.
Nevertheless, within-individual variation does influence the accuracy and precision of measured GI values, and for this reason GI methodology has been designed to minimize these effects. We showed in 1985 that within-individual variation of glycaemic responses, expressed as CV ( ¼ 100 Â s.d./mean) was greater in people without diabetes, 25%, than those with type 2 diabetes, 15%, but greatest of all in those with type 1 diabetes, 30%. 84 Since the GI is a ratio of two independently variable values, high withinindividual variation skews the mean of such ratios and likely explains why GI values were somewhat higher in people with type 1 diabetes than those with type 2 diabetes. 85 Mathematical modelling suggested that reducing variation by using the mean AUC of three tests of the reference food as the denominator in GI calculations instead of only one reduced the mean and s.d. of the resulting GI values; 86 later, we showed this actually did occur. 75 This is why the denominator in the GI calculation must be the mean of X2 tests of the reference food in each subject. 53, 75 Further refinements of the method to improve accuracy and precision include the requirement that the mean CV of the reference food should be o30% 78 and that the mean of two fasting blood samples be used when calculating the AUC. 87 High variation of GI values reported in an interlaboratory study. We reported the s.d. of GI values in n ¼ 68 subjects in an interlaboratory study; for the 5 foods tested they varied from 25 to 38. 77 An eminent food chemist used these s.d. values to calculate the expected range of GI values as being the mean ± 2.8 s.d. (99.5% confidence interval); thus, for potato, with a GI (mean ± s.d.) of 85 ± 33, he concluded that the GI value could be anywhere from À 7 to þ 176. 4 Others, 51 including Health Canada, 88 used the same approach to support the conclusion that the GI is too variable for practical use.
However, this is unequivocally wrong. The s.d. of 33 refers to the variation of the estimates in the individual subjects, not the variation of food GI values (which are the mean of the estimates in at least 10 subjects). The s.d. of food GI values is about 9 not 33.
The food chemist boasted that chemical analysis of food was much more precise and presumably more meaningful than GI because 'The inability of the GI method to differentiate between foods on eating occasions leads to the conclusion that the food itself is a minor contributor to a given GI measurement, and therefore that GI method does not measure a meaningful property of a food.'. 4 However, varying the amount of food consumed also performs poorly in terms of predicting an individual's glycaemic response. We measured the glycaemic responses elicited by 25 and 50 g carbohydrate portions of white bread in 23 subjects each of whom tested the 25 g portion 3-7 times and the 50 g portion 3-10 times. 89 There was high variation of the glycaemic responses both between and within subjects ( Figure 5 ). The mean ± s.d. of the AUCs after the 25-g CHO loads was 57 ± 24% of the respective subject's mean AUC after 50 g CHO. Applying the same criteria the food chemist used to judge GI (mean ± 2.8 s.d.), the response elicited by 25 g CHO could be anywhere from À 9 to þ 123% of that after 50 g CHO, a range similar to that suggested for GI of potato. Applying the same logic he used to criticize GI leads to the rather ludicrous conclusion that: 'The inability of the method used to measure the amount of food consumed to differentiate between food portion sizes on individual eating occasions leads to the conclusion that the amount of food itself is a minor contributor to a given glycaemic response, and therefore food portion size does not indicate a meaningful food property. ' Of course this argument fails because it is based on the false premise that it is meaningful to predict glycaemic responses on individual eating occasions. Except for people with type 1 diabetes who need to work out the amount of insulin to give prior to a meal, being able to predict the glycaemic response on any one eating occasion is unimportant for most people. Indeed, it is very difficult to predict individual glycaemic responses because, as we have seen, they vary considerably from day-to-day. There is no food measure that can predict an individual response any better than GI; to reject GI on the grounds of high day-to-day variation is to reject any method of assessing the glycaemic impact of foods.
Is GI methodology precise enough for clinical utility? The most common way GI used clinically is to classify foods as being low-(GIp55), medium-(GI 56-69) or high-GI (GIX70) [90] [91] [92] with advice to use low-GI foods more often. 93, 94 Thus, a clinically important issue is whether GI methodology can distinguish between low-GI and high-GI foods. How certain is it that a low-GI food is not really high-GI? Specifically, if a food's GI is p55, then what is the probability that its true GI is o70? The probability is equal to the proportion of the area under the normal curve having mean X and s.d. 9 which is o70, where X is the GI of the food and 9 is the between-lab s.d. of GI values from previous interlaboratory studies. 77, 78 If X ¼ 55, then the area ¼ 0.94 (probability of 94%); if Figure 5 . Incremental AUC elicited by portions of white bread containing 25 or 50 g avCHO tested repeatedly by 23 normal subjects. Each subject tested the 25-g avCHO portion 3-7 (median 5) times and the 50-g avCHO portion 3-10 (median 6) times in the morning after 10-14 h overnight fasts. Data from Wolever et al.
89
X ¼ 54, then the probability is 95%, if X ¼ 50, then the probability is 98% and if X ¼ 48, then there is 499% probability that the real GI is o70. This suggests that GI methodology can distinguish between low-GI and high-GI foods with reasonable certainty. However, it should be noted that neither of the studies used to estimate the s.d. of GI 77, 78 complied with the current ISO method, 53 which includes new procedures (nX10 subjects, 2 fasting blood samples and exclusion of outlying values) and internal validity checks (analytical CVp3.6% and within-subject CVo30%) intended to improve accuracy and precision. Thus, the performance of the current GI method may be better than that of the previous studies. Further studies are needed to assess the performance of the current ISO method, and to determine if changes can be made to further improve accuracy and precision.
IS THERE A BETTER INDICATOR OF CARBOHYDRATE QUALITY THAN GI?
There is a wealth of evidence that the GI of dietary carbohydrate has, or may have, a significant impact on clinically relevant outcomes in health and disease. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] However, it is often considered that the GI has limitations as an indicator of carbohydrate quality compared with other measures such as dietary fibre or whole grains.
Limitations of GI
In a debate about the clinical utility of GI at the 2010 Experimental Biology meeting, 95 it was suggested that GI had limitations as an indicator of carbohydrate quality because many high GI foods such as whole grains and starchy vegetables are linked to positive health outcomes, while many low-GI foods, such as sugar sweetened beverages (SSB) and fructose, are linked to negative health outcomes. Are these statements accurate? Do whole-grain foods and starchy vegetables have a high GI? In the 2002 GI tables, 80 there are 102 values for wheat and rye breads of which 35 are whole grain or whole meal. The mean GI for the 35 whole-grain breads, 63.3, is equivalent to that of the 67 other breads, 63.1, and the distribution of low-(p55), medium (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) (67) (68) (69) and high-GI (X70) values for the whole-grain breads, 23, 46 and 31%, respectively, is similar to that for the other breads, 21, 34 and 45% (P ¼ 0.40). Similarly, for the 46 GI values for mashed, sweet or whole potatoes, 20% are low-GI, 28% medium-GI and 52% high-GI. Finally, of the 20 GI values for soft drinks, sports drinks and sucrose, 10% are low-GI, 60% medium-GI and 30% high-GI. Thus, it is incorrect to assert that whole grains and root vegetables have a high GI and SSB have a low-GI. In reality, the GI of all of these foods may vary widely depending upon their variety, composition and processing. Does consumption of fructose, a low-GI sugar, have negative health outcomes? It is commonly held that fructose, a low-GI sugar, has negative health outcomes. The evidence for this comes partly from early prospective studies showing that the consumption of SSB is linked to increased risk for weight gain in adolescents. 96 However, a meta-analysis of prospective trials showed no association between body mass index and SSB consumption in children and adolescents, 97 and a recent systematic review and meta-analysis concluded that the evidence from clinical trials did not demonstrate conclusively a causal relationship between SSB consumption and weight gain. 98 The evidence that fructose per se is harmful to humans comes from clinical trials of fructose overfeeding in which 182 g/day (154-201 g/day) (median (interquartile range)) of fructose was fed, representing 37.5% (31.3-43 .8%) of energy. 99 These amounts are way above the median (49 g/d) and 95th percentile (87 g/day) of fructose intake in the United States, 100 suggesting that the harmful effects of fructose are linked to overconsumption rather than a harmful effect of fructose per se. Recent systematic reviews and metaanalyses conclude that iso-caloric substitution of fructose for other carbohydrates does not cause weight gain 99 or raise serum uric acid, 101 significantly improves glycaemic control in diabetes 102 and significantly reduces mean arterial blood pressure. 103 However, intakes greater than 60 g 104 or 100 g 105 per day may increase serum triglycerides. I am not suggesting that fructose is healthy, or ought to be used as a food ingredient to create low-GI foods. However, foods naturally rich in fructose (for example, fruits) may have health benefits linked to their low-GI 106 and moderate intakes of added fructose p36 g/day improve glycaemic control with no adverse cardiometabolic effects. 107 Taken together it seems, therefore, that either avoidance or overconsumption of fructose may have negative health outcomes.
Is whole grain a better indicator of carbohydrate quality than GI? The evidence for the health benefits of whole grains comes from epidemiological studies showing strong associations between high intake of whole grains and reduced risk for cardiovascular disease, 108 diabetes 109 and obesity. 110, 111 Recent large clinical trials in subjects without diabetes showed that increased wholegrain consumption reduced systolic blood pressure, 112 but none showed any significant effect of whole grains on blood glucose, insulin sensitivity and/or insulin secretion, inflammatory markers or body weight. [112] [113] [114] One study found that whole grains reduced LDL cholesterol, but another found the opposite (Figure 6 ). On the other hand, trials of low-GI diets of similar magnitude in subjects without diabetes showed significant beneficial effects of a low-GI diet on blood lipids, 115, 116 inflammatory markers, 43 body weight 30 and possibly insulin sensitivity. 115 When the results of the four Figure 6 . Forest plots of the effect of whole grains (left) and low-GI diets (right) on body weight, systolic (SBP) and diastolic (DBP) blood pressure, c-reactive protein (CRP) and LDL cholesterol in subjects without diabetes. Values are standardized means with 95% confidence intervals. The numbers of subjects on whole grain and low-GI diets are indicated; numbers on the control diets are not included, but are roughly similar. Data from references. 43, [112] [113] [114] [115] [116] Validity of glycaemic index TMS Wolever low-GI studies are combined, there is a significant reduction in LDL cholesterol and C-reactive protein and a strong trend towards weight reduction ( Figure 6 ). Thus, whole grains and low-GI foods have beneficial effects on different disease risk factors and tend to complement each other. Low-GI diets have at least as many, if not more, statistically significant effects than whole grain-enriched diets; this does not support the hypothesis that whole grain is a better marker of carbohydrate quality than GI.
Is dietary fibre a better marker of carbohydrate quality than GI? It has been recognized for over 30 years that different types of fibres have different health effects with viscous fibres tending to reduce postprandial glucose and serum cholesterol and nonviscous fibres to bulk the stool. The ability of purified fibres to reduce postprandial glucose is directly related to viscosity and the amount solubilized in the small intestine. [117] [118] [119] In 1992, I summarized the results of over 30 studies on the effect of various purified fibres on glucose and lipid control in diabetes. 120 A significantly greater proportion of studies demonstrated significant improvements with viscous than with non-viscous fibres ( Figure 7 ). This is consistent with the results of more recent studies showing that foods high in soluble fibre reduce serum cholesterol more than those high in insoluble fibre 122 and that the ability of oat b-glucan to reduce cholesterol depends on its viscosity. 121 A recent systematic review and meta-analysis concluded that high fibre diets improve glycaemic control in diabetes. 123 Although the authors did not differentiate between fibre types, there is a clear trend towards a larger impact of soluble fibres (Figure 8) . Thus, rather than fibre being a better marker of carbohydrate quality than GI, it is the GI of the high fibre food, or the ability of the fibre to reduce glycaemic responses, which predicts its health effects.
CONCLUSIONS
Recent criticisms of the GI focus on its lack of validity with assertions that GI methodology is non-standard, flawed, inaccurate and imprecise, that GI values do not represent a valid property of foods, that GI does not predict what foods are healthy and that whole grain and fibre are better markers of carbohydrate quality. However, some of these conclusions are based on gross errors in understanding and interpretation and others are not supported by current data or are inconsistent with other nutritional recommendations. GI is a valid marker of carbohydrate quality because: (1) GI methodology is accurate and precise enough for practical use; (2) GI is a property of the food; and (3) GI is biologically meaningful and influences outcomes in health and disease in ways that are relevant to almost everyone. It is illogical for current dietary guidelines to recommend increased consumption of whole grains and dietary fibre but not to mention GI because the evidence that GI affects health outcomes is at least as good as or better than that for whole grains and fibre. GI is a novel concept from a regulatory point of view and a number of problems need to be addressed to successfully translate GI knowledge into practice. These problems are not insurmountable but no progress can be made until bias and misunderstanding about GI is overcome and there is better agreement about what is the actual state of knowledge on GI so that the real issues can be identified and addressed.
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